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ABSTRACT

Fractional calculus is a generalization of classical (integer-order) derivatives,
where the order can be arbitrary. Paradoxically, these are non-local opera-
tors, addressing anomalous diffusion processes. Recently, fractional deriva-
tives have found applications in real world phenomena, such as turbulence
(Mehta et. el, 2019; Mehta, 2023). In order to solve for fractional differential
equations, fractional physics-informed neural networks (fPINNs) were intro-
duced in Pang et el. (2019) for forward problems. This was further extended
for inverse problems in Mehta et. el. (2019) and furthered in Mehta (2023)
for learning the by developing pointwise fPINNs and extended to tempered
definitions.

It is to be noted that the underlying stochastic process governed by fractional
operators has an infinite second moment, which is not the case for real world
scenarios. Thus, a tempered definition was introduced producing finite sec-
ond moments; also truncated definitions, which not only has finite second
moment but also addresses the computational challenges. Thus, in this pre-
sentation, | will also present the algorithms developed in Mehta (2023) for
application to both these definitions and numerically determine the equiva-
lence between these two operators. As a result, | will introduce and compute
the horizon of non-local interactions.
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INTRODUCTION TO FRACTIONAL
CALCULUS

4.1 Riemann-Liouville Definition

Recall the Cauchy’s formula for repeated integration (1) for p € N,
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p-integrals

Here, p € N, to generalise this formula (1) introduce I'(p) = (p—1)!, where I'(.)
is the Euler gamma function, thus the Riemann-Liouville fractional integral is
defined as (2) for (p € R,)
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Subsequently, the Riemann-Liouville (RL) fractional derivative is defined as
(3) forp e R, and k£ € N,
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here, (d*/dz") is the classical integer-order derivative.

4.2 Caputo Definition

Although, the RL derivative is mathematically well established, there are two
key problems (a) for a constant function RL derivative is hon-zero (b) It's prob-
lem with specifying initial conditions.

As a remedy, Caputo defined a fractional derivative as (4) for p € R, and
ke N,
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Remark 1. For homogeneous conditions the Caputo fractional derivative is
equivalent to the Riemann-Liouville fractional derivative.

FORWARD PROBLEM
(MEHTA ET EL., 2019)
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Given the fractional order a(y™") and the boundary conditions, we aim to solve
D;ﬁyﬂU+ = 1 for the mean-flow velocity U™ (y*) for y* € (0,Re;]. We ap-
proximate U™ (y") by a multi-layer feedforward neural network Uy (y;0). To
determine the parameters 6, we minimize the following loss function with re-

spect to 6
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+ (Uyn(0;8) = 0)° + (U x(Rer; 0) = U, 4" € (0,Re;]. (5)

Given a fixed integer M, we employ the L; scheme to approximate the frac-
tional derivative in the loss function
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where ¢y = (M — k)00 — (M — k — 1)), gt = Ut (kh(y')), and

h(y:) = y;/M. Upon obtaining the optimal & we can predict the velocity
profile at any location y* € (0, Re;] using Uy r(y™; 0).

INVERSE PROBLEM (POINTWISE)
(MEHTA, 2023)

6.1 Inverse problem: computing fractional order
(pointwise) (Mehta, 2023)

For the inverse problem the goal is to find the fractional order (a(y™)) given
the function U+ and 7+ satisfying (7)

0.5 (OCDO‘(9+) — 5+DO‘(2R€T)) Ut = 77 y" € (0, Re,) (7)

Here we developed a pointwise strategy (Mehta, 2023), this implies that we
train the neural network for a single training point at a time.

Minimize

The input of feed forward neural network is single location y;~ (only one train-
ing point), where i = {1,2,..., N} for N training points. Indeed, the fractional
order (the output of neural network) is evaluated that location (y;"). The loss
function only comprises of the equation term (L.) given in (8) written for the
it training point.
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For numerical discretisation of the fractional derivative we employ an L7
scheme (Mehta, 2023) for the left- and right-sided derivative.
The merit of pointwise strategy are summarised as follows (Mehta, 2023):

* Given that the fractional order exists, it does not require boundary condi-
tions, which earlier required to impose unity in Mehta et el. (2019). Thus
for more complex situations we can find a physically consistent fractional
order.

* There are cases, where the fractional order is a discontinuous function
or the neural network collapses during training process; a pointwise algo-
rithm mitigates all the limitations. However, for forward problem, we rarely
encounter any problems during its training as demonstrated in Mehta et el.
(2019).

ALGORITHMS FOR TEMPERED AND
TRUNCATED FRACTIONAL
DEFINITIONS (MEHTA, 2023)

7.1 Investigating the influence of tempering pa-
rameter over fractional order (Mehta, 2023)

In the first investigation, we evaluate the influence of fractional order for tem-
pered or truncated fractional two-sided model, associated with the temper-
ing parameter \ and ¢, respectively. Algorithm 1 is the modified pointwise
fractional physics-informed neural network algorithm, where we additionally
supply the tempering parameter X\ or 6. Please note, again for this point-
wise algorithm, NO boundary conditions are required for solving the inverse
problem of determining the fractional order.

The left- and right- sided tempered fractional derivative as (9) and (10), re-
spectively.
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The loss function for the feed forward neural network uses the discrete form
for the left- (9) and right-sided (10) definition.
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For the truncated definition, we employ the same finite difference scheme,
over the same grid for truncated left-sided as (12) and right sided as (13).
The only difference the domain, for the fractional derivative the domain was
0, 2Re,|, while for the truncated definition the domain is [y™ — 6", y* + §7],
where § is a composite function (refer Mehta, 2023) and y* € (0, 2Re,).

a
y-f—

)07
L

a(y),0t
JDypl (T &
—aw)  N—k-1
hon _ PR -
- Sy (UF kg = UF kg r)[(G + D00 — jlmetu)]

The loss function for the feed forward neural network uses the discrete form
for the left- (12) and right-sided (13) definition, given a truncating parameter
ot.
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Algorithm 1: Pointwise computation of fractional order ofyt) for
tempered or truncated fractional two-sided model

Data: Domain, {1 = [0, 2Re_]

Data: Velocity, U (y+)

Data: Fix tempering or truncating parameter, £ = {A, 47}

Result: a(y™)

1 Function compute residual(y ., [/ (y™). £):

// Compute left-sided derivative for a fixed

2 ﬂf i Use (9 for tempered and (12) for truncated formulation ;
/f Compute right-sided derivative for a fixed ¢

3 D%« Use (10) for tempered and (13) for truncated formulation ;
// Residual for two-sided model

4 residual « 0.5 (DF — DS) ;

r return residual

6 Function compute fractional order(y™, i (™). £):
// Computes o for supplied i~

// Given: a fixed £ and I/ (y')

initialize neural network ;

while loss = threshold do

// get residual value of equation
: . =
9 residunl <+ compute_residual(y*. U7 (y'). £) ;
10 loss + residual;
11 train neural network:
12 end

13 return o

14 Main:
15 y_train + discrete points in (£2);
16 for y* ¢ ytrain do
// iterates over the list y_frain
17 a(yt) « compute_fractional_order(y~, U/ (y*), £) :
18 end
19 End

7.2 Horizon of non-local interactions and finding
the equivalence between the truncated and
tempered fractional derivative (Mehta, 2023)

Recognise, the parameter §* associated with the truncated definition is also
the horizon of non-local interactions.

Definition 7.1. The horizon of non-local interactions ( ") is a distance beyond
which no long-range interactions occur.

If there exist such a distance 6", such that the fractional derivative defined
over a infinite (or semi-infinite) domain is equivalent to its truncated defi-
nition with a compact support, then (15) holds. Following our notations,

a +
st ODof(z) = _ODY ) f(a).

Do) — g CDS ()] < e (15)

Equivalence of tempered and truncated definitions: In order to compute
0", we start with the tempered definition, compute the fractional order for a
given ), then use this fractional order to compute the parameter §* (of trun-
cated definition) by gradually increment 6% until (16) or (17) holds. It is NOT
assumed a-prior that ¢,” and ¢, are a constant function, but treated as spa-
tially varying function, as we find the ¢;," and 4;" in a pointwise sense. For ¢+
being constant function or 6, = 6" are just a special case of our considera-
tion.
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Algorithm 2: To find &7 of truncated FRANS by supplyving o of

tempered FRANS for a given Al
Data: Domain, 12 = |(h, 2He, |
Data: Velociry, i Tl
Data: Get ey ) for a given A of tempered FRANS from Alporithm 1
I r'!'“l-I (y") and 7 i(y") are associated with left- (12) and
right-sided (13) truncated fractional derivatiwve,

raspectively.
Result: truncating parameter. -:'J;I-I (T} and 47 (™)
1 Function compute_temp fractional der(y ", I'_-'I Fu ). o, A
o Compute left-sided tempered derivative with fixed A
2 J'.'I."' — Uae (9) for left-zided tempered derivative derivative
/7 Compute right-sided tempered derivative with fixaed A

uk

!'-',If' i— Uae (100 for right-sided tempered derivative derivative :
4 return 0, D7

s Function cempute_truncated left_deriy™, [T T} ey ), &
/f Compute left-sided derivative for the supplied -:'5|.|

i

A Gaamy r 5 r 5
!'-'I.' i— Uae (12 for lefr-sided truncated formmlation :

4
v return 17,

1 . , T P -
8 Function cempute_truncated right der(y™, [' TRl :-,ll-l R

/7 Compute right-sided derivative for the supplied 4]
o ) e Use (13} for right-sided trancaced formulation ;
-
10 return O
11 Main:
12 set defanlt threshold, 87 and &

L3 for y, € iy train dizerete-ponts (1) do

/¢ Get the value for left- and right-sided tempered
fractional derivative
14 1'{.’1'. HI}' i— compute_temp _fractienal deriy™, J_I Ly ), el ],
Ad:
15 while error = threshold do
// This while-loop computes the min. &
/S Get the value for left-sided truncated
fractional derivative
i
L H::' + compute_truncated left_der(y™, T (w™y, ey,
:fil.' 3o
1T error «— | ;"J;.l" or .Ir.-;'i:ll' J'J:' |I.-"|4"JI’." :
L& LCTeent -fi,-' ;
18 end
20 while error = threshold do
// Bimilarly for the right definitiocn, compute min.
r'.‘-ll
21 .Ir.-:'::'l +— compute_truncatpd right _der(y™. A (uth. rllf:-;l.| }.
:jl: 3
23 £rrar 4 Hf" ;"J'.':' or Jri'_'_l.‘ “:". ||4"J‘ :
23 increment &1
24 end
a5 e
26 End




